High current and low emittance are principal requirements for heavy-ion injection into a linac driver for inertial fusion energy. An electrostatic quadrupole (ESQ) injector is capable of providing these high charge density and low emittance beams. We have modified the existing 2-MV Injector to reduce beam emittance and to double the pulse length. We characterize the beam delivered by the modified injector to the High Current Transport Experiment (HCX) and the effects of finite rise time of the extraction voltage pulse in the diode on the beam head. We demonstrate techniques for mitigating aberrations and reducing beam emittance growth in the injector.
INTRODUCTION
Heavy-ion fusion accelerator ("driver") design architecture generally envisions multiple parallel beam channels with each channel transporting a beam of line charge density of about 0.25 µC/m. There are stringent requirements on heavy-ion beam current (I ≥ 0.5 A for pulse length ≥ 10 µs) and transverse emittance (ε n <1 π mm mrad) at the injector for each beam line ultimately to produce the desired beam spot size and intensity on the fusion target 1 .
An electrostatic quadrupole (ESQ) accelerator 2 3 , to be distinguished from ESQ transport systems, consists of an axisymmetric front end (a vacuum diode), followed by a column of high voltage quadrupoles which simultaneously focuses and accelerates the beam. At low beam energy and current an electrostatic aperture column (ESAC), which consists of a column of aperture lenses, is commonly used in injector columns. Simple scaling relations 4 show that the transportable current density in an ESAC decreases with beam energy as V beam -1/2 , but in an ESQ accelerator column, the transportable current density increases with beam energy as V beam 1/2 , where V beam is the beam ion kinetic energy in electron volts. For beam energy above about V beam ~1 MeV, an ESQ accelerator can transport more current than an equivalent ESAC. The ESQs provide strong focusing which is not directly tied to the longitudinal accelerating field. Secondary electrons are swept out by the transverse focusing fields, leading to relatively low energy electrons and reducing the breakdown risks. The capability for handling high current density allows sources with relatively small transverse size and thus low intrinsic emittance.
The 2-MV Injector is an ESQ-based accelerator that was developed in 1993 for the Induction Linac Systems Experiment (ILSE)/Elise project 5 , and represents the injector for a single heavy-ion fusion driver beam. It delivers a K + beam at energy up to 2 MeV and a beam current up to ~0.8 A. It has been modified to produce a longer beam pulse length with reduced emittance and currently serves as the injector 6 7 for the High Current Transport Experiment (HCX) 8 . HCX explores intense heavy-ion-beam transport in electrostatic-and magnetic-focused quadrupole channels representative of the low energy end of an induction linac driver.
A critical issue for ESQ-based accelerators for this and other applications is the distortion of beam phase space by aberrations introduced by the accelerating structures. In the vacuum diode section, aberrations are due to nonlinearities in the electrostatic field configuration, such as imperfections in the diode geometry, the presence of a switched gate electrode, nonuniform current density at the surface of the source, and edge effects at the interface between the source and the Pierce structure. In the ESQ section nonlinear forces in the focusing system drive emittance growth. One nonlinear effect is the energy effect due to the slowing of the ions by a positively-biased ESQ electrode and acceleration by a negatively-biased electrode. When the ratio of transverse quadrupole potential V q is a significant fraction of V beam , the resulting S-shaped kinematic distortions across the beam radius lead to emittance growth. This effect has been mitigated in the Injector by reducing the beam envelope through the ESQ section, and by increasing the LBNL-56618 HIFAN 1374 energy of the beam entering the ESQ section as much as practical without risking breakdown in the diode section.
Another critical issue is the transient behavior of the ion beam pulse. In a onedimensional geometry, if the rise time of the applied diode voltage pulse is the same as the transit time of the beam ions through the diode, the rise time of the beam current pulse exiting the diode is minimized 9 . Low current at the head of the beam pulse is overfocused by the quadrupoles, leading to transient beam envelope excursions. An enlarged mushroom-shaped beam head that scrapes the wall of the channel may develop. This transient creates a gas and electron cloud that can perturb the main body of the beam pulse. In HCX such a beam head exists and persists through the matching section and transport section of the experiment.
A third critical issue is the source, which must be capable of emitting the required beam current density, with adequate emittance, uniformity, species purity, and lifetime. As noted below, we have utilized the surface ionization source which has been shown capable of meeting these requirements. This paper presents recent upgrades to the equipment and characterization of the beam in two different experimental configurations during commissioning the Injector for the HCX. The critical issues are discussed in a comparison of experimental results for beam current, density and transverse phase-space distributions with the predictions of particlein-cell (PIC) simulations.
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A. Injector assembly.
The Injector consists of a hot-surface ionization source assembly followed by an extraction diode and by a four-quadrupole ESQ accelerating section. Figure 1 shows the accelerator which consists of the diode section and the ESQ section mounted in the same column. The electron trap is associated with a Rogowski coil diagnostic and is not necessary when the Injector is utilized for HCX since the ESQ electrodes in the matching section sweep out electrons from the beam. The diode source assembly, gate (extraction) and Pierce electrodes are shown in the red insert.
The Injector is contained inside a pressure vessel that houses the Marx generator, the high voltage dome containing the ion source, extraction pulse equipment and diagnostics, and the ESQ section. The high voltage dome is electrically powered by a hydraulicallydriven generator. Controls and diagnostic information are transmitted by fiber optic link. The accelerator column consists of a series of niobium voltage-grading rings brazed to ceramic insulators. There are four voltage tap points on a resistive voltage divider (R = 5 k Ω) which consists of a sodium sulfate solution in water in flexible plastic tubes surrounding the column. The voltage taps establish the bias potential for each of the four quadrupoles. The bore radius for the first two quadrupoles (Q1 and Q2) is r b = 12 cm, and for the third and fourth quadrupoles (Q3 and Q4) r b = 10 cm. The ESQ electrodes have a cylindrical inner face with radius of curvature r c = 8/7 r b . The outer faces of the electrodes are truncated to fit inside the accelerator column. The highest surface electric field strength across a vacuum gap is 80 kV/cm, between the Pierce and gate electrodes; the longitudinal accelerating electric field across the ceramic rings of the insulating column ranges from 5 to 11 kV/cm. The pressure vessel provides electrical insulation of the high voltage structure and is filled with a high-pressure (up to 5.3 atm) insulating gas mixture (90% N 2 , 10% SF 6 ) 10 . The stability of the resistive divider, which is maintained at the 1% level, depends on the integrity of the plastic tubes and the conductivity of the water resistor. Care must be taken to limit the pressure in the vessel to less than the critical pressure that may collapse the plastic tubes. Further construction details are presented elsewhere 5 .
B. Pulsed power.
The modified Marx generator consists of 38 stages, and is capable of delivering 0.8-2 MV to the high voltage dome at charging voltages of 20-50 kV. Each stage is a twosection pulse-forming network, initially configured as two independent capacitivedischarge sections, one of which was resistive and the other inductive. This simple network produced a flat-top adequate for the ILSE application when matched into the capacitance of the dome and the resistance of the column voltage divider. The Injector delivered up to a 2 µs square beam pulse, limited by the flat-top of the Marx voltage pulse.
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The HCX project involves, in part, study of beam phenomena which occur on relatively long time scales, e.g. secondary electrons and gas which build up during the beam pulse due to interactions with the wall and ambient gas 11 . Therefore it is advantageous to lengthen the beam pulse as much as is practical. It proved to be possible to double the beam pulse length without modification to any of the existing Marx circuit components by introducing an air-core magnetic coupling transformer to couple the large inductance L 1 of the inductive section of the Marx generator stages to a small inductance L 2 in the resistive section (Fig. 2) . Increasing the coupling coefficient k 12 between L 1 and L 2 flattens the pulse up to an optimal coupling coefficient of k 12 ≈ 0.32 for L 1 = 440 µH and L 2 = 5 µH. Further increases in magnetic coupling continue to lengthen the pulse, but it begins to exhibit a double peak. At the optimal amount of coupling, the length of the flat-top (flat to within <1% of peak value) increases from 3.2 µs to 5.2 µs. Allowing for beam transit times in the diode and ESQ accelerator, the modification allowed the extracted beam pulse flat-top length to be doubled, from 2 to 4 µs, once the length of the extraction pulser pulse forming network (PFN) was extended.
The source is DC reverse biased at a negative potential -V bias , as much as -60 kV, with respect to the gate electrode in order to inhibit ion emission. Ion extraction is provided by an extraction pulser that rapidly switches the source-gate voltage into forward bias. The rise time of the beam current is minimized in this way, since the extraction pulser load is limited to the capacitance of the source assembly, rather than the full diode. The extraction pulser is a tunable 6-stage PFN coupled to the source assembly through a stepup output transformer. During ion extraction, the extraction pulser delivers up to V gate = 140 kV with rise time (10-90%) of 0.4 µs and a flat-top (±1%) of 4.3 µs. During extraction (Fig. 3) , the source voltage swings from its initial value of -V bias to the extraction voltage V ext = V gate -V bias, up to 80 kV. Note that the extraction pulse must be longer than the desired beam flat-top by the beam transit time in the diode, about 0.35 µs. A capacitive dome voltage monitor is flush mounted on the wall of the pressure vessel. The dome voltage monitor was calibrated by applying a known pulsed high voltage to the dome. The calibration was refined by beam energy measurements in HCX using time of flight and an electrostatic energy analyzer. These measurements indicate a beam energy about 2% lower than expected from the capacitive voltage monitor, with absolute accuracy ±2%.
The extraction voltage pulse is monitored by a voltage divider, and the signal is transmitted through a fiber optic link. This arrangement has proven difficult to calibrate LBNL-56618 HIFAN 1374 because of uncertainties and drifting in the optic link, high-speed fiber optic transceivers, and associated electronics. A calibration pulse train (1 pulse per second of known amplitude) is applied to the circuit at the dome to reduce uncertainty due to drifting. However to minimize uncertainties, a new extraction voltage pulse calibration procedure was developed, utilizing the beam current and the DC bias and extraction pulser power supply voltages.
The beam current is measured by the downstream current transformer. The reproducibility of the current measurement is 1%. The stability of the power supply voltage monitor and low-frequency fiber-optic circuit is also about 1%.
In an ion diode, if source emission is sufficient, beam current is limited by the ChildLangmuir current I:
is the perveance of the ion gun and V is the accelerating voltage. The perveance is a constant dependent only on the geometry of the diode and the mass and charge state of the ion. We have utilized this fact to produce an improved calibration procedure.
gun K
In this calibration procedure, we measure the beam current for various extraction pulser charging power supply voltages and bias power supply voltages. For those combinations of the measured voltages V gate and V bias which provide a given beam current I b , we generate a series of linear least-squares regression fits to the data:
The calibration constant is the slope of the linear regression at a fixed current :
The calibration constant α multiplied by the extraction pulser charging power supply voltage is the empirical value for the amplitude of the gate voltage pulse V gate . This method greatly reduces drift in the measurement, and the gate voltage is determined to an accuracy of ~2%. Figure 4 illustrates an example of the calibration procedure. The predicted calibration factor is nearly independent of beam current when there is no scraping expected in the ESQ section.
Since the extraction voltage is the difference of two large voltages, it remains less well determined than the dome voltage. Measurements ( Fig. 7-13 ) taken before the development of the improved calibration technique are based on the conventional calibration procedure through the high-speed fiber optic chain and have a higher degree of uncertainty in the extraction voltage.
onsists of a porous tungsten hot plate substrate in either of two onfigurations. Some measurements were made using the substrate as a contact ionizer 12 . + ions, about the lded ccurs when gent beam. It is heated by a filament T ≈ 1100 C and the extracted K beam current density is space charge limited to j ≤ 10
The ion source c c A potassium carbonate solution applied to the surface provided the reservoir of K which was depleted on a relatively short time scale of ~20 hours. An aluminosilicate ion source with a considerably longer operational lifetime was also used. In an aluminosilicate ion source the substrate is coated with a potassium aluminosilicate material 13 which acts as the source of K + ions. There has been some concern uniformity of emission from this type of source. However both types of sources yie comparable beam characteristics during their operational lifetime, based on measurements downstream of the Injector. An aluminosilicate source provided an operational lifetime of about 1 year. The end of useful operational lifetime o emission at the source is sufficiently nonuniform to perturb the beam current and envelope parameters downstream of the Injector.
The source is concave to provide an initially conver 
n the transverse dimension x and similarly in y, β and γ are the usual relativ tic factors, nd the bracket notation indicates an average over the particle distribution. collectors were oriented in an L-shaped array; the assembly was rotated to map out th beam distribution and moved along the beam axis. Kapton films for imaging the beam were inserted at various locations in the Injector. After HCX experiments began, the downstream diagnostic station was replaced by the HCX matching section, and the only Injector beam diagnostic that remained available was the downstream current transformer. Assuming adequate suppression of electron currents, the absolute accuracy of beam current measurements is about 2%.
First and second moments were extracted fro 8 e m the phase space data from the double slit canner . These moments determine the beam envelope sizes a, b and divergence angles urement f the slits and the drift distance. The scanner consists of a pair of slits of width w = ius r s a´ and b´, defined as twice the RMS beam size and divergence angle (corresponding to the beam size and divergence at the edge of a uniform distribution) and the edge emittance. An amplitude cut of about 4% of the maximum signal was applied to remove electrical noise from the calculation. Statistical uncertainty in the emittance meas was about 10%, but systematic uncertainty due to instrumental effects can be larger. has been designed and modeled by numerical simulation codes. The ion iode optics and beam parameters in the diode region were calculated by the particle end d trajectory code EGUN 15 . A PIC code, WARP 16 , which is a fully three-dimensional tim dependent beam simulation code that includes the full physical geometry and any time dependencies in the fields, was used to simulate the beam in both the diode and ESQ sections of the Injector. Recent improvements such as adaptive mesh refinement 17 have improved the reliability of WARP in handling aberrations especially near the source a the edge of the beam.
LBNL-56618 HIFAN 1374 BEAM CHARACTERIZATION
Previous characterizations of the beam produced up to 0.8 A of K+ ion beam at 2 MeV using a 17-cm diameter source. Measurements were made of the beam radius, beam centroid, and emittance of the exiting beam, and compared with WARP simulations 5 . The beam current density distribution was hollow, introducing significant space-charge nonuniformities and nonlinear self fields. When injected into a linear transport channel, such distributions can lead to wave propagation and emittance growth.
In the present investigation, we have reduced the source diameter from 17 to 10 cm. The smaller source has reduced intrinsic emittance, is easier to fabricate, and requires less heating power because of its smaller surface area. This modification also reduced the beam current from 0.8 to 0.6 A.
Data from two configurations of the Injector with a 10-cm-diameter source are presented below. In the initial configuration the beam underwent large transverse envelope oscillations leading to emittance growth through the ESQ section. In the second configuration the Injector was optimized by modifying the diode section and retuning the ESQ section to reduce the beam oscillations, resulting in significant emittance reduction.
The first configuration used the smaller source and Pierce structure but maintained the previously established diode and ESQ conditions. The nominal voltage drops across the resistor tap points were (measured across the diode, Q1, Q2, Q3, and Q4 respectively) 670, 250, 350, 300, and 350 kV. The beam was characterized at both the diode exit and at the exit of the Injector. The beam envelope passes relatively close to the ESQ electrodes, as shown in a WARP simulation in Fig. 5 for the nominal 80 kV equivalent extraction voltage (scaled to V beam = 2.0 MeV). Normalized emittance increases to 0.3 π mm mrad as the beam leaves the source, due to aberrations in the diode. The normalized edge emittance also exhibits jumps in emittance due to transverse distortions as the beam approaches the ESQ electrodes.
In the second configuration, we modified both the diode geometry and the ESQ voltage distribution. To improve the diode optics, the gate electrode aperture diameter was decreased from 179.5 to 110 mm, as in Fig. 1 . The graphite Pierce structure was replaced with a water-cooled copper structure. To improve the ESQ section optics, the voltage drops in the resistive divider were modified to 595, 249, 368, 276, and 240 kV. These changes, based on a WARP model, increased the clearance between the edge of the beam and the ESQ electrodes in the accelerating column. The beam envelope and edge emittance are shown in Fig. 6 for the design extraction voltage. Emittance growth through the ESQ section is greatly reduced from the first configuration.
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In order to characterize the beam exiting the diode, we isolated and energized the diode section only. The FCA diagnostic was inserted in the bore of the ESQ channel with the detector array at a location 23 cm downstream of the diode exit. An example of the current density map at the diode exit as measured by the FCA is shown in Fig. 7 . These maps were generated for a number of cases. In figure 8 radial slices of the measured beam profiles are shown together with WARP results for three extraction voltages.
Two features to be noted in the current density map are the central peak and the rim near the edge. The central peak represents <1% of the total beam current in this data. The central peak, which is not in general seen in the simulations, may reflect a perturbed space charge distribution when the ion current is limited by source emission below the space charge limit, or when electrons from the surface of the FCA may be entering the diode region where they can provide partial space charge neutralization. The central peak under these conditions increases in amplitude during the pulse and is affected by the suppressor voltage and the ambient pressure in the diode, consistent with the presence or formation of a gas cloud on the surface of the collector array that acts as a source of electrons 18 . The rim near the edge of the beam in the simulations is due to aberrations originating near the outer edge of the source. The height of the rim increases as extraction voltage increases (Fig. 8) . The general features of the measured beam profiles, in particular the gentle positive slope in the core of the beam, the relatively abrupt edge, and the presence of the rim, are reproduced in the simulations. The measured vertical and horizontal 2-RMS beam sizes agree with each other to within <1mm and are shown in Fig. 9 together with simulation results for the conditions measured. The disagreements in beam size between the model and the data range up to 5 mm.
The abrupt edge in the simulations was confirmed by time-integrated beam images on kapton film ( fig. 10 ). The kapton film was exposed to the beam at the bottom of a Faraday cup, 23 cm downstream of the diode exit, and shielded by honeycomb (expanded metal) material. Kapton has excellent spatial resolution and indicated a well-defined edge in the beam current density profile, which falls off over a radial distance of 3-5 mm. The kapton images, in contrast to the WARP model and the FCA data, showed little or no rim on the beam at this location. Figure 11 shows a comparison between beam currents measured by a Faraday cup at the diode exit and predicted beam currents. The data points are normalized in terms of perveance because both the Marx and extraction voltages were varied over a wide range; the Marx voltage (which energizes the diode only) was varied from 390 to 679 kV and measured beam currents ranged from 24 to 764 mA. The relative scaling of the data as a function of extraction voltage is consistent with the expectations based on the simulations and with space-charge limited flow. Emission limited current at the source would limit the beam below the predicted scaling with voltage, and would thus appear on this plot as a spreading of the data points. The discrepancy with respect to the predicted curve is 5% for one data set and 20% for the other data set. A 20% discrepancy is significant and may be due to miscalibration or incomplete suppression of electron currents in this case.
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B. ESQ Kapton images of the beam exiting the Injector in the first configuration (Fig. 12a-c) show a time-integrated beam current density profile which is rectangular in shape with a raised outer rim. As the extraction voltage is increased from 40 kV (equivalent at 2 MeV) to the nominal 80 kV the size and aspect ratio of the beam profile remains roughly constant, but the beam image evolves from elliptical to become increasingly rectangular in shape. A comparison with a WARP simulation (Fig. 12d) for the 80-kV configuration (12a) shows qualitative agreement with respect to the distortion of the beam ellipse, and the presence of a raised outer rim. The axial location of the WARP beam profile was chosen to match the measured aspect ratio of the beam. However the observed size of the beam is significantly larger than in the simulation. The rim was not observed on kapton images taken at the midpoint of the ESQ section (Q2, at the position labeled "electrode plate" on Figure 1 ). The internal fine structure in the images of Fig. 12 is related to transients at the head and tail of the beam pulse. The deviation from an elliptical shape is an indication of the degree of distortion due to aberrations in the ESQ section. The measured exit beam envelope parameters and normalized emittance (in units of mm mrad) at the location of the double-slit diagnostic (z = 2.42 m for horizontal measurements and z = 2.44 m for vertical measurements) are compared with the WARP results in Table 1 for 40 and 80 kV, where 80 kV is the nominal extraction voltage. The beam is near a horizontal waist at the measurement location, and the WARP model tends to underestimate the horizontal beam envelope size at this location. The vertical envelope size and divergence are well predicted by the model. However there is a large discrepancy between the measured and predicted vertical emittance. The discrepancy is consistent with misalignment of the vertical slit scanner. When the extraction voltage was reduced further away from the operating point (to 0 kV), the disagreement between data and simulation increased. Figure 14a , the kapton image of the beam for the second configuration, shows a more uniform beam current distribution than those of Fig. 12 . Additionally, the overall size of the beam is more suitable for further manipulation downstream in the HCX. Timedependent PIC simulations were performed and comparisons with the data (Fig. 14b) again show some qualitative agreement in the degree of distortion and the presence of the raised outer rim. However the predicted beam size disagrees with the model by up to 30% (horizontal).
The effect of the modified geometry on the phase space distribution is seen in Fig. 13b . It shows the corresponding phase space measurement in the vertical direction, where
hooking is significantly reduced compared to Fig. 13a . The measured normalized emittance decreased after modification, from n ε = 1.9 to 0.9 π mm mrad, reflecting the improved optics. The red ellipses show the ideal phase space distribution limit for a uniform beam of equivalent RMS size and emittance.
Unfortunately no data from the diode region is available for the second configuration. However the transmitted current was measured by the downstream current transformer. Fig 15 shows measured and predicted beam currents over a range of extraction voltages. Fig. 16 shows the ratio of the measured current to the predicted current. The predicted extraction voltage operating window for which the beam is expected to be transmitted without scraping the wall in the ESQ section is also shown. The observed region of good transmission corresponds well with the calculated region of good transmission. The average transmitted current is 95% of the predicted current, and all the data points fall within 92-100% of the predicted value. The fraction of beam current transmitted falls off outside this window due to scraping, as expected. The transmission falls off gradually, especially on the high voltage side, before reaching the predicted edge of the window. The gradual falloff as the beam envelope approaches the wall may be due to the presence of a significant halo in the ESQ section.
The measured emittance at the exit (0.5 π horizontal and 0.9 π vertical) is significantly larger than predicted (0.5 π). The discrepancy is likely to be due at least in part to instrumental broadening, again in the vertical double-slit diagnostic. In fact measurements downstream of the HCX matching section show that the emittance is 0.4 π horizontal and 0.5 π vertical 8 . Since there is little scraping observed and thus no reason to expect a reduction in emittance in the matching section, the actual emittance exiting the Injector must be less than or equal to the emittance exiting the matching section. The measured emittances exiting the matching section agree well with the WARP predictions.
The transient dynamics of the beam head has been simulated with a 3D time-dependent WARP model (Fig. 17) . Note that with the existing rise time (a) the head of the beam shows a much more pronounced transient blow up (mushrooming) than with a reduced rise time (b) which is better matched to the beam transit time through the diode region. The scraping due to the blowup of the mismatched beam head generates secondary electrons and gas from the wall.

DISCUSSION
Requirements for the acceleration of beams with high charge density and low emittance have led to renewed interest in the ESQ accelerator 19 . We have performed detailed studies on the ESQ accelerator and demonstrated its utility as an injector with current and emittance adequate for HCX. The level of agreement between model and experiment reflects the level of our present understanding of beam dynamics in this configuration.
Allowing for experimental uncertainty the measurements are consistent with a beam current slightly smaller than (in most cases 92-99%) the current predicted by EGUN and WARP models. Qualitative features of the beam profiles exiting the diode are correctly modeled (not including the presence or absence of a raised rim), but the RMS beam size, as well as details of the distribution, especially near the edge, are not accurately reproduced. In most cases the simulations predict a larger beam radius than the measured radius. This discrepancy cannot be explained by partial space-charge neutralization, which would tend to reduce the experimental beam size. There are several possible explanations for the discrepancy. Although the geometry of the solid-state source is simple, it cannot be reproduced perfectly due to limitations in fabrication techniques and thermal expansion. Beam profiles, including the presence or absence of a raised rim, are very sensitive to the detailed physical model of the diode region. Translational deformations of the surface of the source, extraction voltage errors or imperfect emission can affect the beam profile, especially near the edge of the beam. Imperfections in the codes or in description of the beam conditions at the source surface are also suspect.
Beams in the initial configuration studied, which have an excursion near one or more of the ESQ electrodes, show distortions when exiting the Injector, including emittance growth and a square-shaped distribution on exit. The large reduction in distortions and beam emittance in the second configuration when the envelope excursions are suppressed reflects the importance of careful design in the ESQ section of the accelerator.
A raised rim is clearly present at the exit of the ESQ section. An investigation of similar raised rims in an electron beam transport experiment shows transverse oscillations of the rim 20 .
The envelope parameters at the exit are not accurately reproduced in the simulations. They differ by as much as 30% from expectations. These inconsistencies will be further explored with simulations and a dedicated source and injector test stand 21 .
LBNL-56618 HIFAN 1374 op dp Figure 16 . Ratio of the beam current measured at the injector exit to the beam current calculated with WARP as a function of the extraction voltage. The predicted range of extraction voltages over which the beam should be transmitted without touching the wall is indicated. The operating point "op" and design point "dp" are indicated. Several series of measurements taken over a period of more than a year are shown. 
